N2O & NOx as kinds of greenhouse gases do great harm to environmental protection causing increasingly serious global warmth especially recent years along with continuous augment of N2O concentration in the atmosphere that the control N2O ＆ NOX has been a research deadly need to be solved [1] . Research has suggested that biological nitrification and denitrification of wastewater is one of the important sources of N2O. However, there did not exist more efficient ways and strategies to fit the current situation, so some effective methods should be applied to control the N2O emission in order to reduce the second pollution to air while more and more new denitrification technologies are dealing with wastewater with high nitrogen concentration and serious rich nutrition in water [2] . Therefore, this experiment uses SBR reaction based on a ripe anoxic/aerobic nitrification and denitrification activated sludge system with proper conditions, such as pH, temperature to analysis the optimum conditions of the craft（COD/N, DO）, and the emission of gases, aiming to figure out the main factors in denitrification procedure. As a result, both C/N and DO all functions in this course.
INTRODUCTION
For a long time, the city sewage treatment plant targets the removal of organic pollutants and solubility of suspended solids. With the increasing of people's living standard requirements, sewage treatment direction has turned more to the removal _________________________ of nitrogen, phosphorus and other inorganic nutrient. Current biochemical treatment process can degrade organic pollutants and suspended solids in wastewater while the removal rate of nitrogen in wastewater is only 15% ~ 20%.
The common nitrogen removal technics are A/O, A2/O simultaneous nitrogen and phosphorus removal, SBR, biofilm denitrification, etc. The basic principle of all techniques is that the ammonia nitrogen in wastewater is converted to nitrate nitrogen and nitrite nitrogen by nitrification under aerobic conditions and to N2 by means of denitrification and shortcut denitrification [3] . Many studies have shown that in the whole process of biological nitrogen removal, the nitrogen is converted from the liquid phase to the gas phase, and the gaseous intermediates are numerous, including the accumulation and release of N2O and NOX [4] . Besides nitrogen, the intermediate products (NO, N2O, NO2) of all the nitrogen cycles are the main greenhouse gases, which are harmful to the environment. Therefore, in the process of nitrogen removal, people always want to convert it to the final product.
Microbial denitrification is essentially the catalytic reaction process of enzyme. The change of environmental factors can prevent the formation of enzyme, decrease enzyme activity and cause the accumulation of harmful intermediate gas, which is related to the characteristics of denitrifying bacteria and external environment conditions (dissolved oxygen, C/N, NO2-, temperature, PH, etc).
The current research areas mainly involve the discussion of N2O gas production under different environmental conditions (aerobic or anoxic) and different loading factors (C/N, DO, NO3-/NO2-, SRT and HRT), and production and mutual transformation of NO And NO2 between the mechanism involved less. Therefore, the release that we study further explores an understanding of N2O, NO2 and NO, the three kinds of harmful gases in the process of biological nitrogen removal mechanism, as well as biological nitrogen removal reactor in different loading factors (C/N, DO) has a very important significance, in order to provide practical guidance for the actual denitrification of the WWTP [5] .
In this study, the sludge of municipal sewage treatment plant was selected and the operating conditions (carbon source type, pollutant influent concentration, temperature and pH value) were optimized by using SBR reactor to simulate the aerobic and anoxic environment, to obtain a stable reactor environment. In order to grasp the control strategies of gas production and find the control measures of reducing the harmful gas ,on the basis of stable operation（C/N, DO）, the changes of nitrogen content and gas production performance were observed and analyzed, the mechanism of denitrification was studied, and the gas production process and its pathways were deduced reasonably [6] .
MATERIALS AND METHODS

Granular Sludge Source
Experiments were carried out in a granular sludge autotrophic denitrification (GSAD) lab scale SBR reactor, with an effective volume of 2.0 L as illustrated in Fig. 1 . The reactor, an expanded granular bed, was seeded with activated sludge taken from the secondary sedimentation tank of a local wastewater treatment plant in Wuhan city, China, and operated continuously to granulate the autotrophic denitrification sludge using synthetic wastewater. The composition of synthetic wastewater contained (per litre): 200 mg COD, 40 mg NH3-N, 10 mg PO43--P.
The SBR reactor was operated under batch feeding strategy in this study. The cycle time of the reactor was 12 h, and the cycle comprised the following phases: 15 min feeding under batch feeding, 6 h oxic phase, 5h anoxic phase, 0.5 h settling, 15 min decanting. 1.20 L (60% of total volume) supernatant was discharged in every cycle and 0.60 L liquid remained in reactors after decanting. Synthetic wastewater was fed by using a peristaltic pump in the first 15 min. Oxygen was supplied by an air pump through a porous stone diffuser, and aeration rate was controlled by a gas flowmeter , with the dissolved oxygen (DO) concentration in the oxic phase always maintained 2.0 mg-O2/L, while less than 0.5 mg-O2/L in the anoxic phase . The pH of the influent was controlled at 7.3 ± 0.2 by adding 1 M HCl or NaOH solutions alternatively through a pH controller. The reactor was tightly sealed during the entire operation, and gas samples were regularly collected and transferred inline to a gas chromatograph (GC2014C Shimadzu, RTX-502.2 column, electrical conductivity detector).
After the granulation period, stable and full granulation of the autotrophic denitrification sludge was achieved, and the sludge volume index (SVI) was 63.5 mL/g, and the SV30 was nearly 27% (SVI30, the sludge volume at 30 min). The mixed liquor suspended solid (MLSS) concentration was maintained at approximately 4250 mg/L, and the mixed liquor suspended solids (MLVSS) stabilized at 4000 mg/L. and the water temperature was 20°C throughout the research period [7] . All measurements were carried out after the reactor reached stable performances, indicated by stable nitrogen compounds concentrations in the effluents.
Batch Experiment for Nitrogen Gas Emission Performance
BATCH REACTOR SETUP AND OPERATION
Two types of batch testing experiments were designed to investigate the effects of the C/N mass ratio and DO on nitrogen gas emission during autotrophic denitrification by granular sludge in the SBR reactor. As shown in Fig. S2 , this study used a 2000 mL air-tight batch reactor that was equipped with a N2O micro-sensor probe (N2O-100, Unisense A/S, Aarhus, Denmark) for real-time monitoring and data collection of soluble N2O in mixed liquid during the two types of batch tests, Batch Tests I and II (described in Sections 2.2.2and 2.2.3, respectively). Moreover, a syringe filled with the same mixed liquid as the batch reactor was used to balance the pressure inside and outside the batch reactor while sampling the mixed liquid via the sampling point installed with a butyl rubber stopper during the batch tests. The batch reactor was mixed by using a heating magnetic stirrer (IKA® RCT basic) (200 rpm) at a controlled temperature (20.0 ± 2.0 C; the heating magnetic stirrer could automatically control the temperature during each batch test.
BATCH TEST I: NITROGEN GAS EMISSION UNDER DIFFERENT C/N MASS RATIOS
The denitrification process is affected by the electron donor and various reductase, and there is a correlation between electron donor and enzyme. In this study, sodium acetate as an electron donor for denitrification process to find out the relevant laws, and as much as possible simulation of urban sewage treatment-related water quality data. Overall, four batch tests were conducted in Batch Test I to observe nitrogen gas emission under different initial C/N mass ratios with the same autotrophic denitrifying granular sludge [8] . All batch tests were carried out consecutively in the same batch reactor as described above, and each test was conducted three times to ensure reproducibility.
The influent nitrate concentration was maintained at 50 mg-N/L, and the influent carbon sources concentration was varied to investigate the effects of the influent C/N ratio on the N2O,NO,NO2 emissions from the reactor.
BATCH TEST II: NITROGEN GAS EMISSION UNDER DIFFERENT DO
There are a lot of controversies about the effect of dissolved oxygen on denitrification. There are mainly differences in the extent of inhibition of reductase activity by DO. In order to further analyze the effect of dissolved oxygen on the type and content of gas production, we hope to find out the mechanism of the reaction in the stage of denitrifying gas production. However, in view of the need to maintain a sufficient content of dissolved oxygen in the aerobic phase, the transition stage requires the addition of a reducing agent (oxygen scavenger) that is harmless to the system while adjusting the stirring rate to control the dissolved oxygen content in the hypoxic stage [9] . As a reducing agent to control dissolved oxygen content, while vitamin C itself is a growth hormone, but also the necessary vitamins for bacterial growth, according to the need to control the content of dissolved oxygen to adjust the dosage of vitamin C were tested under different dissolved oxygen conditions Denitrification effect.
SAMPLING AND ANALYTICAL METHODS
Mixed liquor samples were regularly collected from the batch reactor using a syringe and were immediately filtered using disposable Millipore filter units (pore size: 0.45 mm). These samples were analyzed for nitrate, nitrite, ammonium and total nitrogen (TN) using an ion chromatograph equipped with a conductivity detector and an IC-AS23 or IC-CS12A analytical column (DIONEX ICS-900). The mixed liquor suspended solids (MLSS) and the mixed liquor volatile suspended solids (MLVSS) concentrations were measured following standard methods. The temperature and pH were monitored using a portable pH meter (Mettler Toledo FG2-FK). N2O concentration in gas phases was measured using the microsensors (Unisense, Denmark). All measurements and analyses were performed in triplicate.
Dissolved N2O in the batch reactors was continuously monitored using a calibrated real-time inline N2O micro-sensor probe (N2O-100, Unisense A/S, Aarhus, Denmark) with a detection limit of 0.1 mg-N/L in water and a response time of less than 15 s.
RESULTS AND DISCUSSION
Batch Test I: Nitrogen Gas Emission Under Different C/N Mass Ratios
Auent TN could meet the first class A in Discharge standard of pollutants for municipal wastewater treatment plant (GB18918 -2002). Besides, the TN of our simulating influent wastewater was set at 60mg/L while practical process this value was 30mg/L.s is exhibited in the figure 1, TN declined all the time from the beginning to the end of the experiment which was apparently attributable to the effect of denitrification. Additionally, the declining trend of TN gradually became intensive with the termination of sufficient oxygen supply; concentration of nitrite-N continually ascended for 480 mins, of which the critical value was 24.46mg/L; Removal ratio of TN fluctuated between 0%~10% before 500 mins [13] . Then when it exceeded 500 mins, the ratio increased rapidly to nearly 20% in anoxic section. When whole experiment ended, concentrations of ammonia-N, nitrite-N, nitrate-N, TN were 0.51mg/L, 16.79mg/L, 9.35mg/L and 25.88mg/L, respectively and removal ratio of TN attained 53.79%.
Due to decrease of nitrate nitrite and TN in aerobic section, it could be speculated that aerobic denitrification took effect. In addition, removal ratio of TN declined in anaerobic section which was inferred to be related to accumulation of nitrite. Obviously, efficiency of denitrification was weak because of nitrite accumulation, resulting in uncomplete denitrification.
As is denoted in the figure 2, TN and ammonia declined all the time while the curvature indicated that effects of nitrification and denitrification took place considerably in aerobic and anaerobic sections respectively. Concentration of nitrate increased from the beginning to 360min reaching the critical value of 35.64mg/L and decreased all the way in anaerobic section. Removal of TN was stable in aerobic section and increased to a certain extend in anaerobic section. Between this two sections, removal of TN fluctuated slightly. When whole experiment ended, concentrations of ammonia-N, nitrite-N, nitrate-N, TN were 0.60mg/L, 5.76mg/L, 10.37mg/L and 16.74mg/L, respectively and removal ratio of TN attained 70.01%.
Similarly, changing trend of relevant parameters in terms of nitrogen under condition of C/N=4 was approximately as alike when it was under condition of C/N=3. Additionally, concentrations of nitrite and nitrate descended synchronously.
It could be concluded that denitrification proceeded well and nitrite accumulation was not apparent, which meant increase of carbon resource contributed to denitrification.
When it came to C/N=6, nitrite and nitrate synchronized decreasing in last part of anaerobic section for that carbon resource and electron donor were more sufficient leading to completed denitrification. Removal ratio of TN declined slightly between 540~600min speculated was for in one hand microbes in reactor proliferated slowly due to a certain of environmental conditions, in another hand experimental errors. In accordance with the trend in figure, it could be concluded that reacting processes were effective.
Alike conclusion could be arrive at under C/N=8, effl In addition, concentration of ammonia declined in anoxic section inferred there existed slight anammox process as was denoted in figure. While nitrate-N reduction is more efficient, as the nitrite-N generating rate is greater than the degradation rate, nitrite-N is still in the rising trend. What's more, anabolism of microbe, namely microbe's need for nitrogen element, results in the competition interrelationship among varies of bacterium, which could be concluded when C/N ratio was increased from 3 to 8 ammonia degradation became intensive.
As is demonstrated in figure 5 , removal ratios of TN under different conditions were clearly enumerated. It could be concluded that whole scale TN removal and denitrification was optimal under condition of C/N=8.
Ammonia was degraded totally in each aerobic section and concentration of nitrate exceeded critical value with the termination of oxygen supply while accumulation of nitrite was not serious. Effect of TN removal didn't fluctuated apparently with the change of carbon resource in aerobic sections. Howbeit, concentrations of nitrite changed seriously with the declination of nitrate concentrations resulted from denitrification in anoxic sections. It could be found that denitrification and TN removal performed better with sufficient carbon resource supply.
In summary, C/N ratios did have an important interaction with TN removal. In could be demonstrated in figure that condition of C/N=3 was equal to insufficiency of carbon resource [18] . By enumerating relevant curves and analysis, we could conclude that C/N was a decisive parameter in denitrification process and nitrate absorbed electron more intensively than nitrite did, meaning reduction of nitrite would be inhibited though carbon resource may be sufficient. By analyzing the mechanism we could infer that nitrate reductase periplasm (Nar) didn't rely on concentration of nitrate but carbon resource. The higher carbon resource concentration leads to the more reactive Nar, while sufficient carbon source concentration contributes to the positive correlation between the amount of reduced coenzyme (NADPH) and nitrate concentrations, giving a reasonable explanation that C/N ratios were 4, 6 and 8 resulting alike TN removal outcomes with similar nitrate concentrations.
According to gaseous escape and parameters' change in anoxic sections, nitrate converted into nitrite in the first place with an interesting DO changing rule, meaning that denitrification bacterium needed to acclimate with environment changing, thus leading to temporary unfavorable denitrification effect. The everincreasing NO and NO2 were speculated coming from two ways, one of which was sequencing denitrification from nitrate and nitrite, another was short-cut denitrification from nitrite [19] . We could find that NO and NO2 escaped massively in anoxic sections inferred coming from short-cut denitrification, while capability of N2O reductase (Nos) to getting electron was weaker leading to N2O's escaping stably.
After analyzing relevant diagrams, firstly we thought that regularity of gaseous escape in four different conditions was consistent, performing as NO and NO2 increased consecutively in the same time, respectively in each group. Our conclusion accorded with the speculation that denitrification bacterium needed acclimatization and the existence of short-cut denitrification; secondly when C/N ratio increased continually, gaseous escape of NO and NO2 was stable, denoting an effective denitrification process. While C/N ratio≥4, C/N ratio had little influence on the gaseous escape which meant opulent electron supply could strengthen electron-catching capability of N2O reductase, thereby leading to a higher N2 productivity. With the C/N ratio increasing, we found that gaseous escape declined consecutively, further demonstrating C/N was an important parameter effecting whole scale denitrification. As relevant figure indicates, gaseous escape and TN removal discorded apparently between conditions of C/N=3 and C/N=4. After analyzing data, we could find that TN removal was unfavorable when C/N=3, namely denoting as a lack of carbon resource, lower than when it was under C/N=4. High gaseous escape of NOX and N2O illustrated that carbon resource did have effects on noxious gas escape and nitrification process. Additionally, noxious gas escape tended to be stable and showed a trend of declination when conditions of C/N ratios were more than 3, further supporting the speculation above.
In the experiment, NO2 production mechanism may have two ways according to the relevant figure, denitrification itself has a certain NO2 emission, and may also involve NO, NO2 mutual transformation in the laboratory test process. In addition, NO was easily oxidized to NO2 in air, and NO2 dissolved in water producing nitric acid and NO, so that the reaction that NO to NO2 existed. At the same time, inhibition of denitrification due to a trace of NO2 was reversible. The combination of NO2 and nitrite nitrogen substrate-enzyme complex made the denitrification process inhibited reversibly [20] .
According to the enzyme biology, denitrification process usually entails nitrate reductase (Nar), nitrite reductase (Nir), NO reductase (Nor) and NO2 reductase (Nos). Gaseous productivity has a tight relationship with these four enzymes.
Nar exists in two forms, one of which is free in the peripheral periplasm, known as extracellular nitrate reductase; the other is embedded in the cell membrane, known as the membrane nitrate reductase. Only the substrate (electron acceptor) gets into the cell can it be transformed by the membrane nitrate reductase, but the current study of the transition of nitrate into the cell membrane mechanism is still inconclusive. The two different nitrate reductases themselves have different unit components, the composition of which determines the enzyme activity and enzymatic reaction in the process of electron transfer process.
Nir in the periplasm is outside the cell membrane, thus there are two types: firstly the existence of a polymeric dimer, consisted of c and d1 heme; and the other is trimer, containing Cu catalytic center. Two nitrite reductases cannot coexist in the same bacteria, their function is to reduce nitrite to NO, but they can also reduce oxygen into water. At present, there is only one kind of NO reductase verified in relevant research, which is bound to the cell membrane. The reduction of N2O to N2 is catalyzed by N2O reductase.
N2O is the most harmful intermediate in denitrifying bacteria transforming NO3-N into N2. The N2O reductase activity is inhibited due to some external factors (chemical reactions) in the practical operation of the WWTP, so that N2O cannot be further removed by the N2O-catalyzed nitrification process, resulting in the occurrence of N2O in the denitrification process and the increasing amount of escape. Additionally, since the Nos's capacity of competing for electrons in the reaction is weaker than the other reductases, when the carbon source in the system is relatively insufficient, Nos cannot get enough electrons from the system, thus N2O cannot be reduced to N2.Besides, there may be a class of denitrifying bacteria in the system, and they do not have N2O reductase (Nos) system, so the final product is not N2 but N2O. In addition, Kimochi and other studies have found that nitrite and hydroxyl ammonia and nitrite and part of the organic reactions are likely to generate NO and N2O.
Batch Test II: Nitrogen Gas Emission Under Different DO
It is demonstrated in the figure 11 that when DO was controlled at 0.7mg/L, velocity of nitrate removal was relatively higher in the first 3 hours of anaerobic section, with a continuously increasing concentration of nitrite and a low removal TN. It could be inferred that denitrification process was uncompleted, namely reduction pausing before nitrite's transforming to NO, during this period, which further inhibited reductase (Nos,Nor,Nir) involved in denitrification and brought about noxious gaseous escape. Comparatively, TN removal efficiency looked up and holistic concentrations of nitrate and nitrite showed declining trends during latter part of anoxic section, resulting from latent short-cut denitrification.
TN removal effects were considerably divergent under different DO, and when DO were controlled under 0.7 mg/L, 0.5 mg/L, 0.3 mg/L, TN removal was more favorable as DO was lower. When DO was 0.3 mg/L, TN removal ratio reached 70.49% while those under DO were 0.7 mg/L and 0.5 mg/L were 42.43% and 69.07% respectively. Additionally, TN removal ratio was only 33.03% when DO was 0.1 mg/L. It could be concluded that descending trends of nitrite and nitrate concentrations were more comparatively apparent under DO was 0.3mg/L.
After analyzing the figures 11 to figures 14 above, it could be speculated that oxygen could gain more electrons under a higher DO, namely the redox potential of nitrate transforming to nitrite is lower than the one of oxygen transforming to oxygen ion, resulting in the fact that denitrification couldn't get sufficient electrons and is inhibited. While denitrification bacteria was facultative bacteria, it could respire with or without oxygen and a certain amount of oxygen could promote its activity and propagation. Howbeit, the capability to gain electrons of nitrate reductase was better than that of nitrite reductase, resulting accumulative nitrite. While with the decrease of nitrate, short-cut denitrification was accelerated such as the process when DO was controlled at 0.3 mg/L.
Enzyme catalytic reaction was entailed in the whole scale denitrification, which meant microbe would compose the enzyme helping anaerobic respiration when environment changed, which costs 2~3 hours, inferring that start part of denitrification was about relevant enzyme composition and when this process finished intensity of denitrification tended to be stable.
After analyzing data in figures 15 to figures 18, we could find an alike rule of gaseous escape, namely continually increasing NO and NO2 till stable phase. When DO was ≥ 0.3mg/L, noxious gaseous escape descended with the descent of DO, for that denitrification bacteria took advantage of oxygen in substrate as oxidizer to promote catabolism that competed with reductases for electrons leading to inhibition of denitrification, performing as a decrease of noxious gaseous escape.
Whilst DO was 0.1 mg/L, noxious gaseous escape was presenting a higher value compared with that of condition of 0.3 mg/L. It was speculated that a certain amount of DO should be maintained among simulating sequencing anaerobic/aerobic sections, thus leading to anoxic section when microbe compounded relevant enzymes function well. In that way denitrification bacteria could perform better in anaerobic section to fulfill an intact denitrification process, which further indicated that DO had a big deal to do with gaseous escape. Figure above illustrates that DO impacted obviously three kinds of noxious gaseous escape. Concretely, noxious gaseous escape showed a trend of decrease with the decrease of DO when DO declined form 0.3mg/L to 0/1mg/L, while gaseous escape increased when DO was lower than 0.1mg/L.
Dissolved oxygen had a suppressive effect on denitrification reductase, in which N2O reductase was inhibited worse than nitrite reductase was. In that case, we should optimize DO by applying reducer to reduce inhibition to relevant enzymes in order to prevent nitrite accumulation. Combined with our data and graphs, we concluded that denitrification process could reach a favorable effect when DO was set at around 0.3 mg/L, namely denoting a low amount of noxious gaseous escape and favorable TN removal.
CONCLUSIONS
(1) Comparing four groups of C/N=3, 4, 6, 8 experiments, we find that C/N ratios did have an important interaction with TN removal, and reduction of nitrite would be inhibited though carbon resource may be sufficient. At the condition of C/N=4, 6, 8，the nitrogen removal reached a higher efficiency in denitrification, especially when C/N=8 got the best.
(2) Comparing four groups of C/N experiments, we could find that carbon resource did have effects on noxious gas escape and nitrification process.TN removal was unfavorable when C/N=3, namely denoting as a lack of carbon resource, lower than when it was under C/N=4. Noxious gas escape tended to be stable and showed a trend of declination when conditions of C/N ratios were more than 3.
(3) Comparing four groups of DO experiments in order to work out that TN removal effects were considerably divergent under different DO, and when DO were controlled under 0.7 mg/L, 0.5 mg/L, 0.3 mg/L, TN removal was more favorable as DO was lower. And descending trends of nitrite and nitrate concentrations were more comparatively apparent under DO was 0.3mg/L.
(4) Comparing four groups of experiments in order to figure out how DO affects the emission of gases in denitrification process. When DO was ≥ 0.3mg/L, noxious gaseous escape descended with the descent of DO, for that denitrification bacteria took advantage of oxygen as oxidizer to promote catabolism that competed with reductases for electrons leading to inhibition of denitrification, performing as a decrease of noxious gaseous escape.
(5) To sum up, based on the results of experiments and the actual of the plants, we concluded that C/N=4 and DO=0.3mg/l are the best optimum conditions in denitrification process which has guiding significance in practice operation.
